Flow characteristics of a two-dimensional jet with side walls have been studied experimentally. Three kinds of cylindrical walls and a flat wall were provided as the side walls, and they were combined and attached to a nozzle. Nine types of side wall conditions were investigated. Velocity was measured by a hot-wire probe and the separation point was measured by a Pitot tube. Mean velocity profiles, the growth of the jet half-width, the decay of jet maximum velocity, and the attachment distance were clarified. When cylindrical walls with different radii are installed, the flow pattern changes markedly depending on the velocity of the jet. A striking increase in the jet half-width is related to the separation of flow from the smaller cylindrical wall just behind the nozzle.
Flow Characteristics of Plane Wall Jet
with Side Walls on Both Sides
Introduction
A two-dimensional turbulent jet along a wall and a curved wall (in this paper, referred to as a plane wall jet) is important and useful industrially because such a flow can be seen at the nozzles of air-conditioners and air-curtains. Moreover, wall jets are used to delay boundary-layer separation, to either enhance or suppress convective heat transfer between a surface and the fluid surrounding it and to construct a new type of air classifier which separates fine particles. Therefore, many reports have appeared about the plane wall jet and the effects of streamwise curvature on the velocity and fluctuating velocity distribution have been studied (1) - (13) . The effect of a nozzle width on the flow characteristics was investigated by Shakouchi and Onohara (10) and a comparison was made between a cylindrical wall jet and its plane equivalent by Neuendorf and Wygnanski (12) . However, most of papers deal with the case of a side wall only on one side and the effect of a boundary condition at the nozzle exit on the flow is still unknown. It is worth examining the flow characteristics of a plane wall jet with side walls that have different curvatures on both sides, because such a flow may be appeared at the nozzle of air-conditioner. From a viewpoint of the flow stability, when a plane wall jet flows along a convex wall, the streamline has a curvature, so that the flow near the wall becomes stable and the flow outside becomes unstable. Therefore, it is also interesting to clarify the effect of the presence of both walls on the flow stability.
In this study, the flow characteristics of a plane wall jet with side walls on both sides have been evaluated experimentally. The effect of the presence of both walls on the velocity profile, the jet half-width, the decay of the velocity, and the attachment distance are clarified, and novel flow patterns of the plane wall jet are shown. Figure 1 shows the setup of the side walls and the coordinate system. Three kinds of cylindrical walls (L, M, and S) and a flat wall can be attached to the nozzle smoothly, and nine types of side wall conditions are in- Fig. 1 ). The radii of the cylindrical walls are R L = 108 mm, R M = 82.5 mm, and R S = 70 mm. As shown in the following, the jet flows along the larger cylindrical wall, so that the x-axis is chosen on the larger cylindrical wall or the flat wall and yaxis is chosen perpendicular to the wall. The nozzle is rectangular, and its dimensions are 200 mm × 10 mm and its aspect ratio is 20. The corner of the nozzle is rounded to a quarter circle of r = 10 mm. To maintain the twodimensionality of the flow, two large boards are installed at both ends of the nozzle. The uniformity of the flow in the transverse direction, i.e. two-dimensionality, was confirmed by the measurement of mean velocity profiles at several cross sections in the transverse direction. Measured separation points were much the same in the transverse direction, which also showed two-dimensionality of the flow. Accordingly, the velocity profiles along the center line are shown in the following. Mean velocity profiles were measured by a hot-wire probe. Tungsten filament of 5 micrometer in diameter and 1 mm in active length was used as hot-wire sensor. The I-type probe was used here and the probe was inserted into the flow from the downstream position by a support without disturbing the flow.
Experimental Apparatus and Procedure
The fluctuating velocity signals were stored in a personal computer with 10 kHz sampling rate through 5 kHz lowpass filters and the time averaged value were taken over 26 seconds. The separation point was determined by the pressure measurement using a boundary layer Pitot tube, which thickness was 0.5 mm. Flow patterns were visualized by smoke, which was generated by a stage-smoke device and injected into the blower, and the flow patterns were recorded as a movie with a digital video camera. The measurements of the velocity profile and the separation point were carried out under U o = 10 ∼ 30 m/s. The Reynolds number based on the nozzle height a (= 10 mm) is (0.66 ∼ 2.0) × 10 4 .
Results and Discussion
At first, a free jet, i.e., without side walls, was examined. Figure 2 shows the mean velocity profiles of the free jet in the downstream section. In this figure, the velocity was normalized by the mean velocity at nozzle exit U o . In the developed region of the free jet, the similarity of the velocity profile was confirmed, and the jet half-width grew linearly (proportional to x), and the maximum velocity decreased in proportion to x −0.5 (not shown). These facts are in good agreement with Ref. (14) for any jet velocity.
1 Wall jet with two cylindrical walls
Mean velocity profiles for U o = 10 m/s when two cylindrical walls are installed are shown in Fig. 3 . In this figure and in the following, R denotes the radius of the larger cylindrical wall because the jet flows along the larger one. The values x/R = 0.79, 1.57, and 2.36 corre- • , and 135
• on the larger cylindrical wall, respectively. Here θ is the angle from the nozzle exit. At each section, the similarity of velocity profiles can be seen, and the value of the jet half-width b y are almost the same and agree with those obtained by Shakouchi et al. (9) In the case of a cylindrical wall jet, the jet half-width increases more than in the case of the wall jet because of centrifugal force. Comparisons of velocity profiles at each section are shown in Fig. 4 . Here, mean velocity U and distance y are normalized by the maximum velocity U m and the jet half-width b y , respectively. All Mean velocity profiles for U o = 30 m/s are shown in Fig. 5 . When only one cylindrical wall was installed, both the velocity profile and the jet half-width agreed with those of Shakouchi et al. (9) However, when two cylindrical walls were installed, the jet spreads quickly in the upstream section, and the jet half-width became more than twice that when one cylindrical wall was installed. The magnitude of the jet half-width seemed to depend on the combination of cylindrical walls. The radius ratios of the cylindrical walls are R L /R S = 1.54, R L /R M = 1.31, and R M /R S = 1.18. The jet half-width increases with an increase in the radius ratio in this case. In the downstream section, there was a case in which the jet half-width could not be determined because the velocity became too small. Velocity profiles nondimensionalized by U m and b y are shown in Fig. 6 . Unlike the case for U o = 10 m/s (Fig. 4) , the profiles are not similar, and the velocity in the outer region (y > b y ) became large whereas that in the inner region (y < b y ) became a zigzag type. The latter may be attributed to flow separation. The reason for the considerable change in the flow characteristics is discussed later.
When two cylindrical walls with same dimension were installed, the jet became very unstable. The jet sometimes flowed without adhering to either cylindrical wall, whereas sometimes it adhered to one of the cylindrical walls. In this case, the flow was very sensitive to disturbances such as the insertion of a probe, which meant that velocity measurement could not be carried out, although an unstable flow situation could be identified by flow visualization. Figure 7 shows the mean velocity profiles for U o = 10 m/s when a flat wall and a cylindrical wall were installed. The jet flowed along the flat wall in this case. Profiles were almost the same at each section, and the jet half-width increased proportionally to x (14) . There was a tendency for the jet half-width to increase slowly with an increase in the radius of the cylindrical wall.
2 Wall jet with flat wall and cylindrical wall
Velocity profiles for U o = 30 m/s are shown in Fig. 8 . The increase in U o results in an increase in the jet halfwidth, and in some cases the jet half-width increases to near the twice that of the wall jet. The increasing rate of the jet half-width in this case is almost linear and different from the case in Fig. 5 . In this configuration, the nozzle exit is regarded as a diffuser, and it is expected that the separation point on the cylindrical wall near the nozzle exit influences the flow significantly. Velocity profiles nondimensionalized by U m and b y are shown in Fig. 9 . The dotted line in this figure shows the empirical formula for the wall jet obtained by Verhoff (15) . Profiles are similar in the inner region (y < b y ) because there is no separation. Figure 10 shows the decay of the maximum velocity U m /U o when cylindrical walls were installed. In the case of a cylindrical wall jet, the maximum velocity decays in proportion to x −0.5 in the developed region, the same as for the free jet and the wall jet. Then it decays in proportion to x −1.8 in the downstream region (9) . Qualitative agreement of its decay can be seen, but the maximum velocity starts to decay in proportion to x −1.8 at smaller values of x, even when one cylindrical wall is installed. This may arise because the ratio of the cylinder radius to the nozzle height is 10.8∼7.0 in this experiment, whereas its value is 20 in Ref. (9) . Moreover, when two cylindrical walls are installed, the maximum velocity decreases more for smaller values of x, and the core region becomes very short. The decay of the maximum velocity when a flat wall and a cylindrical wall are installed is shown in Fig. 11 . The existence of the cylindrical wall causes marked decay of the maximum velocity in the upstream region, where the maximum velocity decreases in proportion to x −0.5 . Figure 12 shows the attachment distance x a , which is 
3 Maximum velocity and attachment distance

135
• on the larger cylindrical wall, respectively. For the cylindrical wall jet, the attachment distance increases with an increase in the jet velocity (10) . When two cylindrical walls are installed, the attachment distance shows a local maximum value and then decreases with an increase in the jet velocity. Therefore, with increasing jet velocity, the jet width is enlarged, the maximum velocity decays markedly, and the separation point moves to an upstream position when two cylindrical walls are present.
The strong dependence of the flow characteristics on the exit velocity U o is considered as follows. When a plane wall jet flows along a cylindrical wall, the flow is regarded as a kind of the flow between concentric cylinders with the outer rotating cylinder. This flow is stable for small disturbances and the critical Reynolds number is rather large. According to the experiment by Yamada and Watanabe (16) , the critical Reynolds number for our apparatus corresponds to 8 000∼12 000. Here, the Reynolds number is converted to that defined in this paper. In this experiment, the exit velocity U o = 10, 20, 30 m/s corresponds to Re = 6 600, 13 200, 20 000, respectively. Although the flow situation is not exactly the same between this flow and the flow between rotating cylinders, it is considered that the flow instability affects this plane wall jet when the Reynolds number exceeds a critical value. There is also strong dependence on the radius ratio of the cylindrical walls. The plane wall jet becomes unstable with an increase in the radius ratio in this study, but the cylindrical walls used here are only three kinds and the combination is limited. An exhaustive study may be necessary to clarify the dependence on the radius ratio in detail. Figure 13 shows the visualized flow patterns when two cylindrical walls are installed. The dotted line shows the position of the jet half-width obtained from the velocity measurement. The flow seemed to be steady at U o = 10 m/s and an almost constant flow pattern was obtained. However, the flow became unsteady at U o = 30 m/s, and the flow pattern varied continuously. It was confirmed from the observation of the movie that the separation point on the smaller cylindrical wall varied considerably, and consequently the extent of the smoke also varied greatly. These facts show that the wall jet with two cylindrical walls becomes unsteady with an increase in jet velocity. Figure 14 shows the flow patterns when a flat wall and a cylindrical wall were installed. In this case, the jet flow was steady compared to the former case. Flow patterns did not vary markedly even at U o = 30 m/s, and the extent of the smoke was proportional to the jet half-width.
4 Flow visualization
Conclusions
An experimental study was carried out on the flow characteristics of a plane wall jet with side walls. The results are summarized as follows.
( 1 ) When cylindrical walls with different radii are installed, the jet attaches to the larger cylindrical wall, and if a flat wall is installed, the jet flows along it.
( 2 ) When cylindrical walls with different radii are installed, the jet half-width increases markedly with an increase in the jet velocity, and its width becomes more than twice that when a cylindrical wall is installed. The maximum velocity decays greatly.
( 3 ) In the case described in (2), the attachment distance, which is the distance from the nozzle exit to the separation point, decreases as jet velocity increases.
( 4 ) Flow visualization revealed that the significant increase in jet width is related to the flow separation from the smaller cylindrical wall just behind the nozzle.
